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RESEARCH MEMORANDUM 
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PRELIMINARY  INVESTIGATION  OF A TECBNIQUE FOR 

STABILITY STUDIES OF A SEW-PROPELLED 

MODEL OF A SUBMERGED SUBMARINE 

By Robert E. McKann and William W. Petynia 

SUMMARY 

The i n i t i a l  development  of a technique  for   the  qual i ta t ive  s tudy of  
t h e   s t a b i l i t y  and cont ro l   charac te r i s t ics  of a free,   se l f -propel led,  . 
dynamic submarine model w a s  made i n  Langley  tank  no. 1. 

An evaluation w a s  made  of two types  of  control  systems. With a 
system that  provided a constant   ra te  of control   def lect ion (similar t o  
that   used on fi l l-scale  submarines)  the model could  not  be  handled a t  
the  desired  test   speeds.  A self-centering,  f l icker-type  control  with 
an  automatic  trimming  device,  designed  for use i n   t h e  Langley free- 
f l ight- tunnel  models, permitted  the model t o  be trimmed  and controlled 
a t  speeds  corresponding t o  30 knots full sca le .  

Power and control  were t ransmi t ted   to   the  model through a t r a i l i n g  
cable. The tests were confined t o  two-dimensional  dive  maneuvers.  For 
most of the tests the   t r a i l i ng   cab le  was located a t  the  center  of  buoyancy, 
bu t  some invest igat ion was made with  the  t ra i l ing  cable   a t tached at the  
s t e r n  and with a self-propelled  follower,   ei ther  of which  would permit a 
three-dimensional maneuver. The experimental  paths were reproducible. 
Calculations of the  model path and motions  were m a d e  by   us ing   s tab i l i ty  
derivatives  obtained from  wind-tunnel tests made a t  the  Reynolds number 
of the  tank tests. Reasonable  agreement was obtained  between  the  experi- 
mental and calculated  paths.  
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INTROIWCTION 
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The changes i n  speed  and configuration  currently  being made i n  sub- 
marines  have  emphasized  the  need  for methods t o   e v a l u a t e   t h e   s t a b i l i t y  
and control   of  new designs. The ava i lab le   da ta  and theory  that  can be 
used to   p red ic t   t hese   cha rac t e r i s t i c s   fo r  new configurations are l imited.  
The effects   of  minor  changes  can  be  obtained  from tests of   the   fu l l - s ize  
submarine,  although,  investigation of major  changes by t h i s  method is  
generally  impractical  or  prohibitive  because  of  the  expense  or  hazards 
involved. 

The problems associated  with  the maneuvering  of  submarines  while 
submerged are  somewhat similar to   those  encountered  with  a i rcraf t .  It 
i s  expected,  therefore,  that  wind-tunnel  techniques, which  have  been 
successfu l   in   s tudying   the   f l igh t   charac te r i s t ics  of a i r c r a f t  and i n  
evaluating  the  effect  of  design  parameters,  might  be  applied  directly. 

In the  case  of complex s t a b i l i t y  and cont ro l  problems  of a i r c r a f t ,  
a u se fu l   t oo l  has  been a s impl i f ied   f ree- f l igh t  dynamic model controlled 
by an operator  through a t ra i l ing   cab le .  Although the  scale  of  such 
models i s  small, it has  been  established  that  they  provide  adequate 
qual i ta t ive  information  for  many purposes and permit   re l iable   predict ions 
of fu l l - s ize   charac te r i s t ics  when ca re fu l   a t t en t ion  is  g iven   to   sca le  
e f f ec t s .  

In   o rder   to  make appl icat ion of the  basic  philosophy and  accumulated 
experience  of NACA free-flight-model  techniques  to  studies  of  the sub- 
marine,  the  Bureau of Ships, Department  of the  Navy, requested  that   the 
i n i t i a l  development  of a corresponding method for  use  of a submerged 
body i n  a towing  tank  be  undertaken  by  the  Langley  Laboratory. The 
development w a s  carr ied  only  to  a point where i t s  feasibi l i ty   could  be 
demonstrated, a t  which time  the model  and associated equipment  were 
t ransfer red  t o  t he   s t a f f  of  t he  David Taylor Model Basin  for  refinement 
and app l i ca t ion   t o  submarine investigations  outside  the  scope of NACA'S 
a c t i v i t i e s .  

PRELIMINARY CONSIDERATIONS 

Typical  procedures  for  evaluating  the  stabil i ty and control  charac- 
t e r i s t i c s  of  a i r c r a f t   i n   t h e  Langley f ree- f l igh t   tunnel   a re   descr ibed   in  
reference 1. Br ief ly ,   the  models are flown i n   t h e   t u n n e l   i n  a steady 
gl ide  or   under   their  own power  when required, and various maneuvers are 
executed by a traine; remo;e operator. The pr inc ipa l   da ta   a re   the  
observations  of  the  pilot  and motion-picture  records of the  model 
behavior. Measurements of the  model motions  and path  are sometimes made, 
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as  well   as measurements  of the  forces  acting  under  steady  conditions  to 
permit  the  use of per t inent   theory  in   predict ing  ful l -scale   f lying 
qua l i t i es  more closely.  

In   appl ica t ion  of  the  f ree-f l ight   technique  to   the submarine model, 
retention  of  the  simplicity of the  technique was taken as the   bas ic  
requirement.  For  this  reason,  the  size  of  the model was chosen  as  the 
smallest  compatible  with  mechanical  design, and the   t ra i l ing   cab le  was 
retained t o  supply power for  propulsion and controls.  The l imi ta t ions  
of the  tank  boundaries were also  necessarily  considered  in  choosing  the 
scale  . 

Again the   p r inc ipa l   da ta  would be  the  observations  of  the  pilot, 
which obviously become of  greatest  value  after  experience  with a var ie ty  
of  configurations and types  of  control. Measurements of the  motions 
and path  of  the model and, in   addi t ion ,  measurements of force  data  would 
permit a comparison  between the  experimental and theore t ica l   pa ths  and 
motions. 

The most important maneuver t o  be  investigated was assumed t o  be 
the  dive and pull-out  within  the limits o f  the  pressure  depth and water 
surface. The c r i t i ca l   na tu re   o f   t h i s  maneuver was assumed to   r equ i r e  
measurement  of the  actual   path  in   space and some cor re la t ion  of the  paths 
with  those  calculated  by  theory. 

As in   the   case  of the  a i rplane,   the   f ree  model  becomes of  greatest  
ass i s tance   in   inves t iga t ing  complex maneuvers involving  other  than  the 
ver t ica l   p lane .  Some consideration w a s  therefore  given  to  arrangements 
of   the   t ra i l ing   cab le   tha t  would impose minimum r e s t r a i n t   i n   t h r e e -  
dimensional maneuvers such as a climbing  or  diving  turn. 

SYMBOLS 

The or ien ta t ion  of t h e  body axes  having the   cen ter  of buoyancy of 
the  model as the   o r ig in  i s  shown i n   f i g u r e  1. The arrows indica te   the  
posi t ive  direct ion  of  moments, def lect ions,  and forces,  which, with  the 
exception of the  posi t ive  sense of the Z axis, are as given in   re fe rence  2. 

d maximum diameter  of model, f t  

9 dynamic pressure, PV 2,  lb/sq f t  

v speed  along  f l ight  path,   fps 

P mass densi ty  of water, slugs/cu 

k2 coef f ic ien t  of transverse added 

f t  

water mass 
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m mass of  model, s lugs 

C k  = 
d(s in  p )  

t ra i l ing-cable   tension,  lb 

l i f t  force due t o   t r a i l i n g   c a b l e ,  D, s i n  p,  lb  

l i f t  force due t o  angle  of  attack  of model, l b  

l i f t  force due to   e leva tor   def lec t ion ,  lb 

l i f t  force due t o  angular ve loc i ty  of model, l b  

moment of i n e r t i a  of model about  transverse body axis through 
center  of  buoyancy, slug-ft2 



M, 

X 

Y 

Z 

X 0  

YO 

ZO 

a 

P 

moment about  center  of buoyancy due t o  cable  drag,  f t- lb 

moment about  center of  buoyancy  due t o  model weight, f t - l b  

moment about  center  of buoyancy  due t o  angle  of  attack  of 
model, f t - l b  

moment about  center of  buoyancy  due to   e leva tor   def lec t ion ,  
f t - l b  

moment about  center  of buoyancy  due t o  pi tching  veloci ty  of 
model, f t - lb  

longi tudinal  body axis  

l a t e r a l  body axis 

v e r t i c a l  body axis  perpendicular  to XY 

fixed  longitudinal  axis  located  in  plane  of  undisturbed  water 
surface  directed  forward 

f ixed   la te ra l   ax is   loca ted   in   p lane  of  undistdrbed  water 
surface  directed  to   s tarboard 

f ixed   ver t ica l   ax is   d i rec ted  upward 

angle  of  attack  of model measured  between longi tudinal  body 
axis  and  model path,  deg 

angle  between  longitudinal body axis  and t r a i l i ng   cab le  a t  
point of attachment,   posit ive  in  the  sense  of  rotation from 
the  X, t o   t h e  Z axis, deg 

model path  angle measured  between path and water  surface,  deg 

ra te   o f  change  of  model path  angle,  deg/sec 

elevator   def lect ion,  measured  from center   l ine  of  model, deg 

pitch  angle,  measured  between the  center   l ine  of  model  and 
water  surface,  deg 

angular  velocity,   radians/sec 

angular  acceleration,  radians/sec2 
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The model, designated Langley tank model 281, was a  2.62  percent 
model of the Bureau  of Ships  submarine  design SST  Scheme I11 without 
superstructure or  conning  tower. A photograph of the  model i s  shown 
i n   f i g u r e  2. 

Exterior Form 

Hull.- The h u l l  was a body of  revolution and  had an overal l   length 
of 5.0 f e e t  with a length-diameter  ratio of 7.0  and a gross  weight of 
75 pounds  (volume, 1.19 cu f t ) .  The equation f o r  the  body of revolution 
is  given in   re fe rence  3 as 

- 

RIL, also ro = -. and rl = -- ROL 
d2 d2 

where 

U nondimens ional  diameter, - U 
d 

V nondimensional s t a t i o n   a f t  of nose, - V 
L 

U maximum diameter a t   s t a t i o n  V, f t  

V s t a t i o n  aft  of nose, ft 

rO 

rl 

nondimensional  nose  radius 

nondimensional tail radius 

nose radius,  f t  
RO 

R1 t a i l   r a d i u s ,  f t  

L overall   length  of model, f t  

d maximum diameter  of model, f t  
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and 

CmmRmmS 7 

a1 = +1.0000 

r1 = 0 

The center of  buoyancy and center of gravi ty  were located 2.3 f e e t  
from  nose and were, respectively,  on the  body axis  and 0.055 foot  below 
the body axis .  

T a i l  surfaces.-  Cruciform t a i l   s u r f a c e s  were located  on  the  stern 
just ahead  of the  propel ler .  The elevators  and s t a b i l i z e r s  had  an a rea  
of 12.5 and 6.5 square  inches,  respectively. The rudders had  an area 
of  11.5 square  inches  with 6.9 square  inches  of f i n   a r ea .  The t a i l  
surfaces and the i r   p lan  form are  shown i n   f i g u r e  3. 

Propeller.-  Thrust was provided by a propel ler   located a t  the   s t e rn  
on the body axis .  The three-blade  propeller had a diameter of 2.63 inches 
and a 7.87-inch  pitch. A shroud  ring  attached a t   the   b lade   t ips   reduced  
the   poss ib i l i t y  of damage t o  t he   t r a i l i ng   cab le .  

I n t e r i o r  Arrangement and Components 

Hull.- A cutaway  drawing  showing the   i n t e r io r  arrangement  and struc- 
t u re  of the  model i s  presented   in   f igure  3. The h u l l  was divided  into 
three  sections.  The forward and middle  sections were  of  1/16-inch  spun 
aluminum, reinforced  with  bulkheads. These sections  contained  the  ballast  
weights and cameras, respectively.  The rear sect ion was machined of 
17s-T aluminum a l l o y   t o  form a r i g i d  mounting fo r   t he   d r ive  motor, 
autosyn  unit ,  and control  mechanisms. 

The forward  and  middle  sections were joined by a vacuum seal t o  
permit easy access t o   t h e  cameras and b a l l a s t .  The rear   sec t ion  was 
attached  to  the  middle  section  by a f langed  joint  and secured by screws 
about  the  circumference of the   hu l l .  

nr\rm"-. 

I. . -- 
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Ballast.- The ballast, located  in   the  forward  sect ion  of   the  hul l ,  
consisted of a cylindrical   weight,  on the  center  l ine,   for  adjustment 
of  the  fore-and-aft  balance. An additional  weight was  located a t  t h e  
keel   for   adjustment   of   the  lateral  balance. To apply a s t a t i c   r o l l i n g  
moment t o  compensate for   the  propel ler   torque,   the   forward  sect ion was 
ro t a t ed   i n   r e l a t ion   t o   t he   o the r   s ec t ions   p r io r   t o   j o in ing .  

Cameras.- Two 16-rrnn gunsight  motion-picture cameras ( f ig .  4 )  were 
loca ted   in   the  model center   sect ion  facing  port  and starboard,  perpendic- 
u l a r  t o  a ver t ical   p lane  through  the body axis .  The po r t  camera was 
located at the  center   of  buoyancy  and the  s tarboard camera a t  the same 
ve r t i ca l   l oca t ion   bu t  0.313 foot   fa r ther  aft. Power to   opera te   the  
cameras was supplied  through the  t ra i l ing   cab le .  

Power in s t a l l a t ion . -  A 0.5-horsepower  d-c e l e c t r i c  motor ( f ig .  5 )  
with  reduction  gear was used t o   d r i v e  the propel ler .  Power was supplied 
t o   t h e   d r i v e  motor  through  the  trail ing  cable.  The speed  of  the model 
was varied by means of a manually  operated  rheostat a t  the  control   s ta t ion.  

Control mechanisms.-  High-speed e l e c t r i c  motors were used t o  provide 
a control  having a f ixed  def lect ion rate of  the  type  in  general   use on 
submarines.  Control movement was started by a switch which  allowed the  
sur faces   to  be moved i n   e i t h e r   d i r e c t i o n  or stopped. L i m l t  switches 
prevented  over-travel. The control   posi t ion a t  any i n s t an t  was  v i s i b l e  
to   the   opera tor  on a remote-reading  autosyn  located i n   t h e   c o n t r o l  sta- 
t ion .  A range of  constant   def lect ion  ra tes  from 13' t o  90' per  second 
(model s i z e )  was avai lable .  Overshoot at switch-off was reduced t o  a 
minimum by e lec t r ica l   b rak ing .  

A f l i cker   cont ro l   spec i f ica l ly   des igned   for   use   in   f ree- f l igh t -  
tunnel models was also  used.  Although  this  control  goes  full-off and 
full-on,  approximately  proportional  control may be obtained by regulat ing 
the  frequency  of  control  deflections and the  length  of time during which 
deflections  are  maintained.  This  control, shown i n   f i g u r e  6, employed 
an electrically  actuated  pneumatic mechanism which provided f'ull deflec- 
t i o n  or return  in  approximately 0.1 second. The surface  automatically 
re turned   to   neut ra l   pos i t ion  a t  switch-off. A self- t r imning  ra tchet  
provided a mechanical s h i f t  of the   neut ra l   pos i t ion  which was proportional 
to  the  percentage  of  control  motions made i n  a par t icu lar   d i rec t ion .  The 
increment  of s h i f t  of t he   neu t r a l  was adjustable.  

In   o rder   to  program accurately  the  elevators  during a dive maneuver, 
a motor-driven cam mechanism was used to   opera te   the   cont ro l   swi tches .  

Air a t  23 pounds per  square  inch was supplied  to  the  pneumatic 
mechanism by a 1/8-inch-diameter,  thin-walled  plastic tube from a tank 
and regulator on the  towing  carriage. The exhaust  from  the  control 
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mechanism was  used in   conjunct ion  with a 7-pound-per-square-inch r e l i e f  
va lve   i n   t he   hu l l   t o   p re s su r i ze   t he   cen te r  and rear   sect ions  against  
water  leakage. Air from the   hu l l   re l ie f   va lve  was exhausted a t   t h e   t i p  
of the  top  rudder. 

APPARATUS AND PROCEDURE 

Towing Carriage  Setup 

General  arrangement.- The tests were  conducted i n  a sec t ion  16- f e e t  1 
2 

long located between the  main carr iage and auxiliary  carriage  of Langley 
tank no. 1 and bounded on the   s ides  by gr ids  10 feet apart .  (See 
f i g .  7(a) .  ) A description  of Langley  tank no. 1 and the  towing  carriage 
i s  given in   re fe rence  4. 

Grids.- The gr ids   ( f ig .   7(b))   consis ted  of   s tandard 6-inch-mesh 
concrete  reinforcing wire welded to   s t reamlined  s teel   tubes   a t tached  to  
the  main  and auxiliary  towing  carriages.  The tops  of   the  gr ids  were 
positioned 6 inches  below  the  water  surface and extended t o  a depth  of 
10 f ee t .  Numbered p l a s t i c   f l ags   i n   a l t e rna te   squa res  were  used t o  
ident i fy   the   loca t ion  on the  gr id .  The gr ids  were photographed by the  
cameras within  the model. 

Control  station.-  The con t ro l   s t a t ion  shown in   f i gu res  7 and 8 was 
located on the  f ront   of   the  main carr iage 5 f e e t  above the  water  surface 
looking down on the   t es t   sec t ion .  The rheostat ,   switch,  and m e t e r   f o r  
the  main drive motor, the  manual  and  program control  switches, and the 
remote-reading  control  position  autosyn were located a t  t h i s   s t a t i o n .  

Trailing-Cable Arrangements 

The trail ing  cable,   comprising  the  necessary power and control   leads,  
was approximately 1/4 inch  in  diameter and 60 feet in   l ength .  The cable 
consisted  of  twelve no. 35 seven-strand  insulated  copper  wires and a 
1/8-inch-diameter  plastic  tube. The p las t ic   tub ing  was fas tened   to   the  
wires t o  form a s ingle  lead t o   t h e  model. To minimize the  change i n  
drag as the  submergence  of the  model varied,   the  cable was a t tached   to  
a s t reamlined  s t rut  a t  a point 5 feet  below the  water sur face   ( f ig .   7 (b) ) .  

Cable a t  center  of buoyancy.- The cable  (configuration (a) f ig .  9 )  was 
b ;\ divided and a t t ached   t o   t he   s ides  of the  model on a t ransverse   l ine  just 
h ahead  of  and above the  center  of buoyancy. The cable was rejoined by a 1 bridle   behind  the model. This method of  attaching  the  cable  permitted  the 

model t o   ope ra t e  freely i n   p i t c h .  

C- 
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Cable a t  the  stern.- Cable  configuration  (b) w a s  a t t ached   t o  a r i g i d  
guide strip which car r ied   the   cab le  around the   p rope l l e r  as shown i n   f i g -  
ures 5 and-9. This  point  of  cable  attachment would permit a maneuver i n  
three dimensions. 

Self-propelled  follower.-  Cable  configuration  (e) shown i n   f i g u r e  9 
was a t tached   to   the  model as in   t he   s t e rn   conf igu ra t ion  and l e d   t o   t h e  
nose  of  the  self-propelled  follower  at  a distance  of 2 feet   behind  the 
submarine. The follower shown i n   f i g u r e  10 was constructed  of aluminum 
and powered by a 1.3-horsepower  variable-frequency  electric  motor. The 
thrust   could be governed by a hydraulic  propeller-pitch  control mechanism 
actuated by the  tension  in  the  cable  from  the  submarine  to  the  follower.  
When a fixed  propeller  blade  angle was set, the  thrust   could  a lso  be 
varied by  operation  of a rheos ta t  a t  the   cont ro l   s ta t ion .  The propel ler  
was located a t  the  center  of  buoyancy  of the  follower and three  large 
f i n s   p r o v i d e d   s u f f i c i e n t   l i f t   a t  small angles   to   the   f low  to  maneuver 
the  follower and the   t ra i l ing   cab le   wi th  a minimum e f f e c t  upon the 
motions  of  the  submarine model. 

Test  Procedure 

P r i o r   t o  making the  dive maneuver se lec ted   for   these   t es t s ,   the  
model was ba l l a s t ed  s o  t h a t   t h e  dynamic t r i m  and r o l l  were zero, and 
the  excess buoyancy was approximately  0.3  percent  of  the model weight. 

With the   th rus t   ad jus ted   to   the   des i red   speed ,   the   opera tor ,  by 
visual  observation from the   cont ro l   s ta t ion ,  trimmed the  model t o  
s t r a igh t  and level  path  approximately 2 f e e t  below the  water  surface. 
References 5 and 6 ind ica t e   t ha t   t he   e f f ec t s  of surface  proximity become 
small   a t   depths   greater   than  three body diameters. Once the  model was 
trimmed the  controls were switched from  manual to  automatic program 
control  and the  cameras were s t a r t ed .  After completion  of  the  dive  the 
operator  again resumed  manual cont ro l  of t he  model. 

The same procedure was  employed when the  self-propelled  follower 
was used. The path  of  the  follower was governed  by  the  submarine s o  
tha t   t he  submarine w a s  relieved  of most of  the  forces due t o   t h e   t r a i l i n g  
cable.   Difficult ies  with  the  hydraulic  system  prevented  the  use of the 
follower f o r  programmed dives.  

The paths  of  the model  were obtained from the  motion  pictures  of 
the  gr ids .  The data  obtained  included  the  depth,  angle  of  pitch, and 
distance from the  leading edge of  the  gr ids .  To obtain  the  horizontal  
displacement  along  the  tank,  the  distance  of  the model from the  leading 
edge  of the  gr ids  w a s  subtracted from the   t o t a l   d i s t ance   t he   g r id  had 
moved along  the  tank. The path  angle i s  the  slope  of  the  curve  of  depth 
against  horizontal  displacement. A detai led  descr ipt ion of the   da ta  
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reduction from the  motion-picture film is  included i n   t h e  appendix. The 
maneuvers f o r  which data  are  presented were made a t  a speed of 5 f e e t  
per second  corresponding t o  18 knots ,  f u l l   s i z e .  

Precision 

The accuracy of the  basic measurements i s  bel ieved  to  be within  the 
following limits : 

Speed, fps . . . . . . . . . . . . . . . . . . . . . . . . . . . .  f0 .2 
Angle of pitch,  deg . . . . . . . . . . . . . . . . . . . . . . .  kO.5 
Angle of yaw, deg . . . . . . . . . . . . . . . . . . . . . . . .  kO.5 
Angle of r o l l ,  deg . . . . . . . . . . . . . . . . . . . . . . . .  kO.5 
Horizontal  displacement, f t  . . . . . . . . . . . . . . . . . .  kO.05 
Lateral  displacement, f t  . . . . . . . . . . . . . . . . . . . . .  f O . l  
Vertical  displacement, f t  . . . . . . . . . . . . . . . . . . .  2~0.05 

Qualitative  Analysis of Control Systems 

The pr incipal   basis   for   evaluat ing  the two control systems was the 
relat ive  diff icul ty   experienced by the  operator  in  keeping  the model on 
a s t r a igh t  and l eve l  submerged course.  Control  with  the  constant-rate- 
type  system was d i f f i c u l t  and  became increasingly so  as  speed was 
increased,   unt i l ,   a t  a speed  of 4 fee t   per  second (15 knots f u l l   s i z e ) ,  
the  operators  could  not  hold  the model on course.  For this   reason  the 
model could  not  be trimmed out  to  allow  the  performance of dive maneuvers. 
The need f o r  self-centering and trimming devices was readily  apparent. 
With the  self-centering and trimming flicker-type  control  system,  the 
model could  be trimmed t o  s t r a igh t  and l e v e l   f l i g h t   t o   t h e  accuracy 
obtainable by visual  observation from the  control   s ta t ion.  The model 
was then   def in i te ly   cont ro l lab le   a t   the  maximum model speed of 8 f e e t  
per second  corresponding t o  30 h o t s  full size .  

Dive Paths 

Cable at center  of buoyancy.- Data from two t y p i c a l   t e s t  runs i n  
dive maneuvers wjth  the  cable  attached  near  the  center of  buoyancy are  
presented  in   f igure 11 as  plots  of pitch  angle,   path  angle,   vertical  
displacement, and elevator  deflection  against   horizontal   displacement 
along the  tank. 

3 
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A comparison  of runs 1 and 2 ind ica t e s   t he   ab i l i t y   t o  reproduce a 
maneuver. Although the model was not   perfect ly  trimmed out  before  the 
maneuvers  were begun (see the  plot  of p i t c h   i n   f i g .  ' l l ( b  ) during  the 
first 6 f e e t  of  the run), generally good agreement  between the maneuvers 
may be  noted. The e f f e c t  upon the  motions  of  the model of  displacement 
of  the  cable from the  center  of  buoyancy to   the   pos i t ion  shown i n   f i g -  
ure 9(a) can  be shown by ca lcu la t ion   to  be small. Additional  refinement 
in  the  technique  such as more accurate  positioning and trimming  of the 
model p r i o r   t o   t h e  maneuver should   resu l t   in  more exact  reproduction  of 
t h e   t e s t  maneuver. 

Cable a t   s tern.-   Similar   data   for  a dive maneuver (run 3 )  with  the 
cable   a t tached  to   the  s tern are presented  in   f igure 12. The e f f ec t  of 
t h e   s h i f t  of point  of  cable  attachment t o   t h e   s t e r n  may be  seen i n   f i g -  
ure 13. Stern  attachment is seen  to  reduce  the  depth of dive  to   near ly  
one-half and the  maximum angular  displacements t o  about  three-quarters 
of the  values  reached w i t h  the  cable   a t   the   center  of  buoyancy.  Although 
the  general   nature of the  maneuver is similar,   corrections would probably 
have t o  be made f o r   t h e   e f f e c t  of  the  trail ing  cable  in  order  to  obtain 
accurate  data  with  this  configuration. 

rnALYSIS 

Equations  of Motion 

The path  of  the model during a dive maneuver with  the  cable   a t   the  
center of  buoyancy was calculated by an iterative  procedure  suggested by Mr. Charles H. Zimmerman, S tab i l i t y  Research  Division of the Langley 
laboratory  using  the l i f t  and moment equations  for  the body i n  submerged 
flow and the  sign  convention of figure 1. The summatim of the lift 
forces   referred  to   path  axes  is:  

mV7 = Fa + Fg + Fb + Fc 

and the  moments about the  center of buoyancy are:  

I c , b . ( l  + k2); = + Ms + Mi) + Mc + % (2)  

Expressed in   coef f ic ien t  form for  t ime, t ,  equations (1) and (2)  become': 

%he ef fec t  of the   force   resu l t ing  from the  acceleration  perpendic- 
u l a r   t o   t he   pa th  was found by ca lcu la t ion   to  be small for   the   type  of 
maneuver investigated and i s  therefore  neglected. 
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The angles,  angular  velocity, and depth a t  each  successive t i m e ,  t, were 
determined  from  the  following  relations: 

yt-l + s i n  

2 

The requi red   s tab i l i ty   der iva t ives  were obtained i n  the  Langley free- 
f l i g h t   t u n n e l  on the   ro ta ry  and  six-component balances  a t  a Reynolds num- 
ber  corresponding t o  t h a t  of t he   t ank   t e s t s .  The drag o f  t h e   t r a i l i n g  
cable w a s  determined f rom s t a t i c   t h r u s t   c a l i b r a t i o n s .  The l i f t  and moment 
appl ied   to   the  model by the  cable were  determined  from  the  cable  angle 
and the  location  of  the  cable  attachment. The location  of  the  cable 
attachment i s  shown i n   f i g u r e  14. This  posit ion  allowed  the  cable  to 
be  photographed by the   por t  camera during  the maneuver  and permitted  the 
angle of t he   t r a i l i ng   cab le   r e l a t ive  t o  the model t o  be  measured. A 
t yp ica l   p lo t  of the  cable   angle   re la t ive  to   the model cen te r   l i ne   fo r  
two maneuvers is shown i n  f igure  15. 

%I! Comparison with  Experimental  Paths 

The calculated values of pitch,  path  angle, and ver t ica l   d i sp lace-  
ment of t he  model with  the  cable a t  the  center  of  buoyancy against   hori-  

, zonta l   d i s tance   for  runs 1 and 2 are compared with  the  experimental  values - 
I 

I 
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i n   f i g u r e s  16 and 17. The exper imenta l   in i t ia l   condi t ions   o f   t r im,  
trimming velocity,  trimming  acceleration,  path  angle and depth, as w e l l  
as the   e l eva to r  sequence  used i n   t h e  run, w e r e  assumed for   the  calcula-  
t ions .  No account was t aken   in   the   ca lcu la t ions   for   the   e f fec t  of sur- 
face  proximity or the   var ia t ion   in   cab le   force  due t o   t h e  change i n  
cable  path  during  the maneuver. While good agreement was obtained 
between the  calculated  values and experimental  maneuvers, it is  probable 
t h a t  better agreement would r e s u l t  from correct ion  for   these  factors .  

No calculat ions were made for   the   s te rn   conf igura t ion   s ince   the  
angle of  the   t ra i l ing   cab le   for   these  maneuvers was not known. 

CONCUTDING REMARKS 

The pre l iminary   inves t iga t ion   for   s tab i l i ty   s tud ies  of model  sub- 
marines  has shown t h a t  a self-centering and trimming  flicker-type 
mechanism for   operat ing  the model control  surfaces  permits  the model t o  
be trimmed  and control led a t  speeds  corresponding t o  30 knots f u l l   s i z e .  

The experimental maneuvers were approximately  reproducible. Reason- 
able  agreement was also  obtained  between  the  calculated and experimental 
results,   al though more exact  cable  data are necessary  for  precise  dupli-  
cation.  Attachment  of  the  cable a t  the   s te rn ,  as might be required  for  
a three-dimensional maneuver,  imposed considerably more r e s t r a i n t  on the  
model than  attachment a t  the  center  of buoyancy. The self-propelled 
follower, however, o f f e r s  a promising means for   reducing  the  cable  
r e s t r a i n t .  

The use  of  the  self-propelled small model with a t r a i l i n g   c a b l e  
appears t o  provide a rapid means for   ob ta in ing   the   genera l   s tab i l i ty  and 
cont ro l   charac te r i s t ics .   In te rna l  cameras  photographing a towed gr id  
provide  accurate  path  data. The model paths may be compared with  calcu- 
la ted  values  when Reynolds number and t ra i l ing-cable   effects   are   taken 
into  account. 

Langley  Aeronautical  Laboratory, 
National  Advisory Cormnittee for  Aeronautics, 

Langley Field,  Va.,  April  6, 1954. G&”$z mc&- 
Robert E. McKann 

Aeronautical  Research  Scientist 

William W. Petynla 
Approved: Aeronautical  Research  Scientist 

Chief  of  mdrodynamics  Division ’ 
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APPENDIX 

DATA REDUCTION 

The following  procedure was  used t o  compute the  posit ion  of  the 
model from motion pictures  of  the towed gr ids  which  formed the  s ides  
of t he   t e s t   s ec t ion .  A camera  speed of  e ight  frames per  second  gave a 
su f f i c i en t  number of da ta   po in ts   to   record   the  t i m e  his tory  of   the 
motions of the model up t o  the  maximum test  speed. The elevator   posi-  
t i o n  and camera  frames  were  recorded  against time. 

The data  obtained from the   f i lm  were xp and xS", the   horizontal  
distance from the  grid  leading edge to   the   in te rsec t ion   of   the  camera 
l i 2 e  of sight  with  the  port  and starboard  grids,   respectively; and 
zs , the   ver t ica l   d i s tance  f rom the  water  surface  to  the same i n  er-  
sections; dp and  ds, the  lengths  of  the  grid  recorded by the  port  and 
starboard cameras,  respectively; and 8 I ,  the   pi tch  angle   projected  into 
the  ver t ical   longi tudinal   p lane  as   read from the  data  film. 

zT 

These da ta  were  determined for  each frame and plotted  against   t ime. 
Faired  values  were  then  used and the  posi t ion of the  model w a s  calculated 
f o r  0.2-second in te rva ls ,  which  corresponded t o  in te rva ls  of  about 1 foot  
along  the  tank,  since  the maneuvers f o r  which data  were obtained were 
made a t  a forward  speed of 5 f ee t   pe r  second. 

In  order t o  define  the  motions and the  paths of the  model from the 
above data,  expressions f o r  the  locat ion of the model are   der ived  for  a 
camera pos i t i on   a t   t he   cen te r  of  buoyancy. Corrections t o  these  expres- 
sions  for  the  rearward  displacement of  one of the cameras are  then 
determined. The or ientat ion  of   the body axes of the model r e l a t i v e  t o  
the  fixed  axes is shown i n   f i g u r e  1. The in te rsec t ion  of t he   l i ne  of 
s igh t  of t he  cameras  on the  screen  for  cameras a t   t he   cen te r  of buoyancy 
and with  the  starboard camera displaced  rearward  are shown i n  figure 18. 

Symb 01s 

The following symbols apply  only  to   this  appendix. 

a projection  of camera displacement  distance on X, axis, f t  

b longi tudinal  camera displacement from center of  buoyancy, f t  

dp ,as length of grid  recorded  by  port and starboard cameras,  respec- 
t i ve ly ,  as determined  from the   g r id   sca le ,  f t  

I -  
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k l a t e ra l   d i s t ance  between grids,  f t  

t time,  sec 

A t  time i n t e r v a l  between successive  calculations,  sec 

X,Y,Z distances measured parallel  to  corresponding  fixed  axes, f t  

X,,Y,,Z, fixed  axes 

0 pitch  angle measured  between  model center   l ine  and horizontal  
plane,  deg 

4r yaw angle measured  between  model center   l ine  and plane of 
grid,  deg 

6 roll angle measured  between horizontal   plane and transverse 
body axis Y of model, deg 

project ion  of   rol l   angle  on fixed  transverse  plane YoZo 
(angle  read from  camera da ta ) ,  deg 

Subscripts and primes: 

c.b.  center  of buoyancy of model 

P por t   g r id  

S starboard  grid 

1 project ion of  p i t ch   o r   ro l l   ang le  

I t  condition  for  displacement of starboard camera off center of 
buoyancy  of model 

Derivation of Equations 

On the  assumption that   both cameras are   located  a t   the   center  of 
buoyancy, the  proport ional i ty  of the  length of the  grid  recorded by the 
camera to   the   d i s tance  from the  camera to   t he   g r id  may be  used to   de te r -  
mine the   l a t e ra l   pos i t i on  of the model; t h a t  is, 
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y s = -  dS 
Yp dP 

Since  the  distance  between  the  grids i s  constant, 

Ys + Yp = k 

Subst i tut ing y from equation (A2) into  equation ( A l )  gives P 

or   subs t i tu t ing  ys from equation (A2) into  equation (Al)  gives: 

-5 - 
'P dp + ds 

where yp and  ys are   horizontal   d is tances  from the  center  of buoyancy 
t o   t h e   p o r t  and s tarboard  gr ids ,   respect ively.  The values  of dp  and  ds 
are determined from the   da t a  film and k, the  lateral  distance between 
gr ids ,  i s  known. 

According to   the   re la t ionships  shown i n   f i g u r e  18, 

t an  $ = xs - xp 
k 

and 

Subst i tut ing from equations (pk) and (A5)  into  equation ( A 7 )  y i e lds  
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where Xc.b. is the  horizontal   d is tance from the  center of buoyancy t o  
the  gr id   leading edge. 

From f igure 18, 

Subst i tut ing from equations ( A 3 )  and (Ag) into  equation (AlO) gives 

- zpds + "sdp 

d'p + as 
'c.b. - 

where zc .b. is  the   ver t ica l   d i s tance  from the  center of buoyancy t o  
the  water  surface. 

The foregoing  expressions  are  for  the  conditions where both cameras 
are  located at the  center of  buoyancy. If the  starboard camera i s  dis-  
placed  rearward a given  distance b, the   e f fec t  of  t h i s  displacement on 
the measurements obtained from the film must be  determined  before  the 
location of the model can  be computed from the  preceding  relations.  

The measurements obtained from the  port  camera are  unchanged, but 
measurements  from the  starboard camera are  now xs", zS" ,  and as". 
The re la t ion  between these new readings and xs, z s ,  and ds with  the 
starboard camera a t   t he   cen te r  of buoyancy must be determined. The 
angle 8 ' is measured directly,   but  angles Jr and @' are  considered 
separately. 

The r a t i o  of  the  distan.ce  along  the  line of s ight  and the  length of 
grid  recorded by the camera is  constant. With the camera a t   the   cen ter  
of buoyancy the  distance  along  the  l ine of s igh t  i s  ys(sec2$' + tan2Jr)1/2. 
Likewise,  with  the camera displaced  aft ,   the  distance  along  the  l ine of 

s igh t  i s  (ys + a tan   $ ) (sec2gr  + t an  2 $ )'/e. Similarly  as  in  equation (u) 
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Simpl i fy ing   th i s   equa t ion   resu l t s   in  

d, = ds I'YS 

ys + a tan  $ 

Subst i tut ing d, from equation (Al3) into  equation ( A 3 )  gives 

kd," - adp t an  $ 
ys - 

- 

dp + dSI' 

where ys is  the  dis tance from the  center of  buoyancy to   the   s ta rboard  
gr id  and a may be  defined from f igure 18 as: 

b 
a =  

(see% + tan2Jr) 112 

From f igure 18, 

xc.b. - xS" - ys  tan ~r - a see ~r - 2 ( A m  

and 

where  xsll  and zs l '  are determined  directly from the  film, ys from 
equation ( U 4 ) ,  and a i s  defined by equation (A15). 

From f igure 18, 

xS" - xp - a sec2q 
k 

t a n  Jr = 

Subs t i tu t ing   for  a from equation ( A l 5 )  y ie lds  

XS" - xp - b 
t a n  $ = k 

k cos*$(  sec20 ' + tan2$) 1/2 
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Likewise,  from f igure 18, 

t a n  $ 1  = ; E s 1 l  - ys t an  $ 1  - a t a n  + t an  - a t a n  e l  - zp + ys tan $1 
Simplifying  ecpation ( U O )  gives 

zSt1 - a tan  8 - zp 
k + a t a n $  

t an  f i t  = 

Subs t i tu t ing   for  a  from equation (-5) into  equation (~21) r e s u l t s   i n  

The t rue   p i tch  and roll angles  are  determined from the  projected 
pi tch and roll angles,  as measured  from the camera da ta  by the  following 
re la t ions  : 

t a n  8 = tan 8 I cos (A231 

t an  # = tan cos $ (A241 
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(Arrows  indicate  the  positive  direction of moments,  deflections,  and  forces) 

x, Y, 2 Body  axes 

X,, Yo, 2,  Fixed axes 

Y Angle  of yaw, measured  in XoYo plane,  taken  about Zo axis 

Q Angle of pitch  measured  between  longitudinal  body  axis and horizontal 

6 Angle  of r o l l ,  measured  in  thb YZ plane, taken  about  the X axis 

a Angle of attack,  measured  between  longitudinal  oody  axis  and  path 

7 Path angle, measur-ed between  path  and  horizontal 

Figure 1.- Orientation of the body. 



2-83654 
Figure 2. - Three-quarter  front view of Langley tank model 281. 
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Figure 3 . -  Cutaway view of Langley tank model 281. 



L-83655 
Figure 4.- Front view of middle section of  Langley tank model 281with 

cameras removed. 



L-83656 
Figure 5.- Side view of rear sect ion of Langley tank model 281. 



Figure 6. - Flicker-type  control  mechanism. 
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( a )  Top view. 

Figure 7.- V i e w s  of towing carriage and test   apparatus.  

of tank 1 



Water surface 

Cable strut 

Trailing  cable 

Port grid 

I 
Bracing 
wires W 

Bottom of tank. I I 

(b) Side  view. 

Figure 7.- Concluded. 



Figure 8.- Control  s ta t ion .  
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Side view 
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w Configuration (c). 

Figure 9.- Cable configurations of Langley tank model 281. 



L-83659 
Figure 10.- Three-quarter front view of follower fo r  Langley tank model 281. 
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I D-D-0 Path  angle,   deg I 
04-0 P i t c h  angle, deg I 

I I I I I I I I 
LI 

I 
8 12 16 x) 24 28 32 36 

Hor izon ta l   d i s t ance ,  f t  

Angular dispracement. 

-10 I I I I I I I I 
8 12 16 x) 21 28 0 4 

I 

Hor izon ta l   d i s t ance ,  f t  

Ver t ica l   d i sp lacement .  

( a )  R u n  1. 

Figure 11.- Motions of model computed from  camera records  with  cable 
attached  near  center of buoyancy. 
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Vertical displacement. 

! 
0 4 8 1 2  I6 28 24 2 8 3 2 %  

Horizontal distance, ft 

Elevator displacement. 
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(b) Run 2. 

Figure 11.- Concluded. 
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Path  angle ,  deg 
Pitch  angle,   deg 
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(b) Vertical  displacement. 
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Horizontal   distance,  f t  
5 

(e  ) Elevator  displacement. 

Figure 12.- Motions of model computed from  camera records  with  cable 
a t tached   a t   s te rn .  R u n  3 .  
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- Near c . b .   a t t a c h e n t  
I I I I I I I I 
4 8 1 2 1 6 2 0 2 4 2 8 9 3 6  

Horizontal  distance, f t  

(a)  Pitch  displacement. 

I I I I 1 I I I I 

Near c.b.  attachmen 
I I I I I I I I 
4 8 1 2 1 6 X ) 2 4 2 8 9  

Horizontal  distance, f t  

(b)  Path  displacement. 

- l 0 1  

Stern  attachment 
Near c.b.  attachment 

-120 - Z P :  
Horizontal  distance, f t  

(c)  Vertical  displacement. 

Figure 13.- Comparison of model motions with  cable  attached a t  s te rn  and 
near  center of buoyancy. 



- Forward + e  

Center l i n e  
of model 

Figure 14.- Location of weight and cable  forces  with  cable  attached  near 
center of buoyancy f o r  two-dimensional  case. 
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Figure 15.- Position of cable during dive maneuver. 
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O t  
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Figure 16.- Comparison of calculated and experimental  motions  with  the 
cable  attached  near  center of buoyancy. R u n  1. 
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Figure 17.- Comparison of calculated  and experimental motions with the 
cable  attached  near  center of buoyancy. Run 2. 
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Figure 18.- Camera projections on grids. 


